Abstract
Introduction

5
It is morphologically very similar to the nine-spined stickleback (P. pungitius), although they 82 can be distinguished on the basis of the absence or presence of lateral scutes and keels (Keivany 
84
laevis has often been taxonomically considered as a subspecies of P. pungitius (Münzing, 1969; 85 Gross, 1979; Paepke, 1996) . However, a previous phylogenetic study showed high degree of 86 mitochondrial divergence between P. laevis and P. pungitius, additionally demonstrating the 87 presence of three highly divergent P. laevis lineages in France (Wang et al., 2015) . The 88 divergences of these lineages were estimated to have occurred around 1.95 to 1.38 Mya in 89 Pleistocene, which are much older divergences than those estimated for globally distributed P. 90 pungitius lineages (Wang et al., 2015) . Given that all divergent P. laevis lineages, as well as P. Thus, it appears that this lineage has a unique evolutionary history that differs from those of the France where this lineage is currently distributed (Wang et al., 2015) . It is also possible that 99 this lineage represents a convergent form of P. pungitius that has lost its lateral scutes and keels 00 resulting in morphological similarity to P. laevis.
01
The aim of this study was to investigate the evolutionary history and processes underlying 02 6 the divergence between different lineages of P. laevis. In particular, we were interested in 03 elucidating the hypothesis that P. laevis lineage III was formed as a result of hybridization and 04 introgression between P. laevis and P. pungitius, rather than being a morphologically distinct 05 form of P. pungitius. To address these issues, we conducted a fine scale phylogeographic 06 analyses of samples collected from 30 sites in France using both mitochondrial and nuclear 07 gene sequences.
09
Materials and methods
10
Samples
11
We collected 114 individuals of P. laevis from 25 sites and 22 individuals of P. pungitius from 12 five sites in France ( Fig. 1 and Table S1 , Supporting information). P. laevis and P. pungitius 13 were distinguished based on the absence and presence of keels at caudal regions, respectively, 14 which is a diagnostic morphological and taxonomic trait characterizing these species (Kottelat from 18 sites and 20 P. pungitius individuals from four sites were used for nuclear gene analysis 25 due to small sample sizes in some sites (Table S1 , Supporting information). Fin clips were 26 collected and preserved in ethanol for DNA extraction. P. platygaster collected from Greece 27 (40°50´N, 22°18´E) was used as an outgroup in nuclear phylogenetic analyses. Mitochondrial 28 data for P. platygaster were adopted from Wang et al. (2015) . pungitius; see results) was examined using ANOVA followed by Fisher's LSD post-hoc test.
73
The analyses were performed on nucleotide diversity (pi) and haplotype diversity (Hd) in the 74 mitochondrial data, and for allele number (Na) and expected heterozygosity (HE) in the nuclear 
92
In this analysis, the average number of nucleotide differences (pairwise nucleotide differences) 93 between pairs of the four phylogenetic groups (P. laevis lineage I, II and III and P. pungitius) 94 were calculated for the mitochondrial and nuclear data separately. The null hypothesis was set 95 to incongruence of phylogenetic patterns in the two data sets.
96
For the nuclear data, phylogenetic relationships were also inferred based on principal under the admixture and independent allele frequency models. Each K was run independently 04 with 10 replicates. The burn-in period was set to be 500 000 iterations, and the running period 
Results
40
Mitochondrial phylogeny
41
The 1104 bp mitochondrial sequence contained 128 segregating sites defining 61 haplotypes 42 among 114 P. laevis and 22 P. pungitius individuals (Tables S1, S3, Supporting information).
43
Nucleotide diversity and haplotype diversity were 0.0342 and 0.973 in P. laevis, and 0.0029 44 and 0.887 in P. pungitius, respectively (Table S1 , Supporting information). Nucleotide diversity 45 differed significantly among the four phylogenetic groups (i.e. P. laevis lineage I, II and III and 
72
The AMOVA revealed that the variance among phylogenetic groups accounted for 73 majority (81.3%) of the total variance in the data (Table 1) (Table 1) .
78
Nuclear phylogeny
79
In the total 4905 bp sequence of the eight nuclear gene fragments (Table S2, The nuclear phylogenetic tree revealed two main clusters corresponding to P. laevis and lineage III and P. pungitius, these were not clustered together in the nuclear phylogenetic tree 94 (Fig. 3B ). In the P. laevis cluster, individuals belonging to the lineage I and II formed a 95 subcluster with a high posterior probability (0.98), and those of the lineage II were indicated as 96 a monophyletic group (Fig. 3B) . In contrast, the individuals of P. laevis lineage III did not form 97 a subcluster (Fig. 3B) . The CADM test indicated that the phylogenetic relationships of the four 98 phylogenetic groups (P. laevis lineage I, lineage II, lineage III and P. pungitius) are incongruent 99 with those obtained from the mitochondrial data (P = 0.58).
00
The AMOVA revealed that 58.6% of the genetic variation was explained by phylogenetic 01 groups, whereas variance within phylogenetic groups and within populations accounted for 26.4% 02 and 15.0% of variance, respectively (Table 1) (Table 1 ). In the PCA, three principal components were identified to be 04 significant with inertia values of 29.3, 14.1 and 8.9 (Fig. 4) . All P. laevis individuals formed a 05 single cluster distinct from P. pungitius individuals (Fig. 4) . Within the P. laevis cluster, the 06 individuals from the same mitochondrial lineages tended to cluster together, but the individuals 07 of P. laevis lineage II were further separated into two subgroups (Fig. 4) . Notably, the 08 individuals of P. laevis lineage III clustered in between P. pungitius and other P. laevis lineages
09
showing large spread along the first principal component axis (Fig. 4) .
10
In the Bayesian admixture analysis with STRUCTURE, the delta K showed a clear peak 11 at K = 2, indicating that population structure was best explained by two genetic clusters ( Fig.   12 16 S1, Supporting information). At K = 2, one genetic cluster was found for the individuals of P.
13
laevis lineages I and II, and another cluster was observed for those of P. pungitius (Fig. 5). 14 However, the individuals of P. laevis lineage III showed a pattern of admixture between these 15 clusters (Fig. 5) . At K = 3, P. laevis lineage I and II were separated into two different clusters, 16 and P. laevis lineage III was indicated to be an admixture of P. laevis lineage I and P. pungitius 17 (Fig. 5) . At K = 4, P. laevis lineage II was divided into two subgroups, and at K = 5, P. laevis 18 lineage III was indicated as an independent cluster, although admixture from P. laevis lineage
19
I and/or P. pungitius were found in some individuals (Fig. 5) . patterns of mitochondrial diversity.
28
In the tests for recent gene flow with the nuclear genes, no significant correlation was 29 found between genetic (FST) and geographic distance across P. laevis lineage III and P. Program between JSPS and AF (TS). nuclear analyses, whereas those with square symbols were used only in mitochondrial analyses.
59
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